Meningiomas are among the most common intracranial pathological conditions, accounting for 36% of intracranial lesions treated by neurosurgeons. Although the majority of these lesions are benign, the classical categorization of tumors by histological type or World Health Organization (WHO) grade has not fully captured the potential for meningioma progression and recurrence. Many targeted treatments have failed to generate a long-lasting effect on these tumors. Recently, several seminal studies evaluating the genomics of intracranial meningiomas have rapidly changed the understanding of the disease. The importance of NF2 (neurofibromin 2), TRAF7 (tumor necrosis factor [TNF] receptor-associated factor 7), KLF4 (Kruppel-like factor 4), AKT1, SMO (smoothened), PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha), and POLR2 (RNA polymerase II subunit A) demonstrates that there are at least 6 distinct mutational classes of meningiomas. In addition, 6 methylation classes of meningioma have been appreciated, enabling improved prediction of prognosis compared with traditional WHO grades. Genomic studies have shed light on the nature of recurrent meningioma, distinct intracranial locations and mutational patterns, and a potential embryonic cancer stem cell-like origin. However, despite these exciting findings, the clinical relevance of these findings remains elusive. The authors review the key findings from recent genomic studies in meningiomas, specifically focusing on how these findings relate to clinical insights for the practicing neurosurgeon.
O ver the 80 years since the first description of meningiomas by Cushing and Eisenhardt, 29 insight into the clinical behavior of these lesions has greatly expanded. Meningiomas occur with an incidence of 7.44 per 100,000 persons, making them one of the most common primary central nervous system tumors, accounting for 36% of treated intracranial lesions in the population. 21 Clinical treatment of meningiomas involves a combination of surgery, radiotherapy, chemotherapy, and/or observation. 16 Whereas the vast majority of meningiomas may be curable with adequate surgical excision (e.g., Simpson grade I resection), a significant minority of tumors remain challenging to treat and predisposed to recurrence. 16, 17 The 15 histological classifications of meningiomas by the World Health Organization (WHO) have recently changed, resulting in shifts in the relative prevalence of grade I (80%), atypical grade II (15%-20%), and anaplastic grade III (1%-3%) lesions. 18 However, current WHO grading of meningiomas, and even the use of the Simpson grading scale, has limitations in predicting recurrence of benign lesions and progression of more aggressive tumors. 3, 10 Recent genomic analyses have shed new light on the tumor subtypes, their behavior, and the potential for novel treatments. Prior studies employing targeted sequencing or immunohistochemical analysis have helped elucidate the genetic underpinning of meningiomas. 3, 4, [22] [23] [24] Aarhus et al. 1 summarized genomic findings up to 2010 and cited a lack of consensus and analysis of genomic data clouding generalizable trends in meningiomas. The goal of this review is to discuss the clinical understanding and application of recent whole-genome studies of cranial meningiomas for practicing neurosurgeons.
and genomics" and "meningioma and genome-wide array" generated 58 and 10 studies, respectively. From these results, we evaluated papers published in the field from 2011 to 2018 and relevant citations in those papers. Six key papers were identified and reviewed with reference to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement (http://prismastatement.org/). A search for actively recruiting studies (clinicaltrials.gov) involving "meningioma" identified 24 studies, which were manually evaluated for relevant trials.
Meningioma Mutations
The 2016 WHO update on central nervous system tumors has placed new emphasis on the importance of tumor mutations for a variety of meningioma histological subtypes (Table 1) . 18 Traditional studies regarding meningiomas have evaluated single genetic changes and their downstream effects. 16, 23 Deletion of neurofibromin 2 (NF2, merlin, schwannomin) can be identified in 50%-60% of patients with meningioma. 25 Loss of chromosome 22, where NF2 is located, can also be seen in 40%-80% of sporadic meningiomas. NF2 is a cell membrane-bound protein that regulates other cytoskeletal proteins (e.g., paxillin, actin, syntenin) involved in cytoskeletal remodeling, cell-cell adhesion, and cell migration. Loss of NF2 can activate oncogenic pathways, including Ras/mitogenactivated protein kinase, Notch, phosphoinositide 3-kinase (PI3K)/AKT, Hippo, and mTOR (mammalian target of rapamycin). [11] [12] [13] 19, 20, 26 Other mutated tumor suppressors and oncogenes in meningiomas have also been well reviewed. 22 In addition to the PI3K/AKT pathway, mutations in the Sonic Hedgehog and WNT pathways have been described. 22 Although these studies have been instrumental in identifying key driver mutations in meningiomas, they have failed to explain the complete behavior of meningiomas or to identify potential targets for treatment. 16 One advantage of genomic investigations of meningiomas has been in the understanding of these single genetic changes on a broad scale and their implications on the clinical behavior and progression of meningiomas. Another outgrowth of genetic studies has been in identifying tumor subtypes, which may explain why chemotherapeutic approaches have failed by not subgrouping patients enrolled for trials.
Genomic Studies
Several key genomic studies have helped further our understanding of meningiomas (Tables 2 and 3) . A landmark early study by Clark et al. 6 identified a series of mutations in non-NF2-mutated meningiomas, namely TRAF7 (tumor necrosis factor [TNF] receptor-associated factor 7), KLF4 (Kruppel-like factor 4), AKT1, and SMO (smoothened). This study evaluated 300 meningiomas using genome-wide genotyping and exome sequencing of 50 grade I and II cases along with confirmation in an independent set of 250 cases. Loss of chromosome 22 was identified in 79% (n = 237) of tumors, and NF2 mutations were seen in 36% (n = 108) of tumors. Tumors with TRAF7, KLF4, and AKT1 mutations were distinct from those with NF2 or SMO mutations, thus suggesting 3 genomic subclasses of meningiomas, where NF2 and SMO mutations are not likely to co-occur. TRAF7, KLF4, AKT1, and SMO mutations were seen in 25%, 10.3%, 12.7%, and 3.7% of meningiomas, respectively. TRAF7 is a multidomain protein, utilizing coproteins such as MEKK3, that regulates signaling along the TNF pathway by acting as an E3 ubiquitin ligase that selectively tags proteins for degradation. KLF4 has best been understood as one of the key transcription factors involved in generating induced pluripotent stem cells. AKT1 showed an activation mutation (peptide E17 K) that results in activation of PI3K/AKT signaling. SMO mutations result in activation of Hedgehog signaling involved in various cancers. All newly identified mutated genes were shown to play roles in a variety of cancers beyond meningiomas. This study also demonstrated greater chromosomal instability in higher-grade meningiomas, a finding that helped to further elucidate the mechanism by which lower-grade meningiomas progress. Finally, this study helped delineate various mutations and the site of tumor origin ( Fig. 1 ): lateral and posterior skull base (NF2 or chromosome 22 loss), sphenoid wing and midline skull base (KLF4/TRAF7), anterior midline skull base (AKT1/TRAF7), and midline anterior fossa (SMO). Overall, this early study helped elucidate different genetic subtypes of meningioma at a time when only single-mutational changes, histological type, or WHO grade were distinguishing factors between patients. Another critical genomic study by Brastianos et al. 5 confirmed the presence of AKT1 and SMO mutations in meningiomas. Here, screening of 17 meningiomas with whole-genome and whole-exome sequencing was confirmed with focused sequencing of 48 additional tumors. Interestingly, the median somatic copy-number alteration (SCNA) rate was 3.3% of the genome, which was approximately 10 times lower than the average for other tumors. This suggested that meningiomas develop a low number of mutations, but these are important and ultimately affect their development. Of course, not only the low mitotic rate of meningiomas could generate such a pattern, but previous treatments, such as the radiotherapy that some of the patients had received in this study prior to evaluation, could also result in this pattern. Higher-grade meningiomas had a median SCNA rate of 12.3% and higher rates of chromothripsis (large chromosomal rearrangements), approximating some of the features seen in other types of aggressive cancers. In addition to NF2, AKT1, and SMO predominant mutations, a variety of mutations not previously described were noted. Although many of these genes had previously identified roles in cancer, their roles in meningiomas were unclear and warranted additional investigation. In addition, 8% of tumors showed alterations in epigenetic modifiers, which were previously unexplored in meningiomas on a genomic scale, suggesting they may play an important role. Abedalthagafi et al. 2 performed high-resolution arraycomparative genomic hybridization in 150 meningiomas and characterized the importance of PIK3CA mutations in 7% of non-NF2-mutated meningiomas. PIK3CA mutations in meningioma have been suggested to increase activation of the PI3K/AKT pathway, known to be involved in cancer proliferation, protein synthesis, and migration. In their study, Abedalthagafi et al. showed that PIK3CA mutations co-localized with TRAF7 mutations but not NF2, AKT1, or SMO mutations. In addition, they found that tumors with PIK3CA mutations arose from the anterior tuberculum sellae, sphenoid wing, and clival regions. All lesions in their study were WHO grade I but showed features of more aggressive meningiomas. Although this study was not the first to suggest PIK3CA mutations in meningioma, it did categorize this mutation in a large set of meningiomas, evaluated tumor location, and highlighted PIK3CA mutation patterns in the context of other mutational patterns.
A follow-up study by Clark et al. 7 uncovered the importance of POLR2A (RNA polymerase II subunit A) and other mutations in meningiomas. POLR2A mutations, which were seen in 6% of benign meningiomas, were a distinct subclass from prior genomic tumor subtypes, with localization to the anterior skull base. POLR2A affects the interaction of DNA polymerase with transcription factor 2B during the pre-initiation complex where, in meningiomas, it was suggested to play a widespread role in altering gene expression. A total of 23 samples of 775 total tumors, not showing any previous mutational pattern, were evaluated, and the presence of POLR2A alterations was uncovered exclusively in benign tumors. Further investigation indicated that POLR2A alters WNT signaling pathways and transcription factors. This study also explored genes previously unknown in meningiomas, including SMARCB1 (SWI/ SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B member 1), AKT3, PIK3CA, PI-K3R1, PRKAR1A (protein kinase CAMP-dependent type I regulatory subunit alpha), and SUFU (suppressor of fused homolog). "Super-enhancer regions," that is genomic regions with high levels of histone 3 lysine 27 acetylation, were found to support a number of upregulated transcription factors in broad segments of meningiomas, such as FOX proteins, HDACs, KLF2 and KLF4, WNT proteins, and BCL2. Because of the importance of these factors as important regulators of embryonic stem cell development and signaling, these findings suggest that meningiomas may derive from an early progenitor or cancer stem cell.
Whereas prior studies centered on low-grade meningiomas, Bi et al. 4 analyzed 134 high-grade meningiomas to compare rates of NF2 mutation, chromosomal abnormalities, and distinct changes with those of low-grade meningiomas. Whole-genome sequencing or whole-exome sequencing, including discovery and validation stages, also captured lesions with multiple recurrences. A mean mutation rate of 23 per sample was identified, which was much higher than in low-grade meningiomas and comparable with the mutation rate in thyroid cancer or craniopharyngiomas but lower than those of head and neck tumors, colorectal cancer, and melanomas. NF2 mutation or loss of chromosome 22 was found in 80% of samples, while other mutations (TRAF7, KLF4, AKT1, and SMO) were not significantly present. In addition, high-grade meningiomas showed a higher rate of genomic disruption than low-grade meningiomas (19% vs 3%) and higher rates of genomic rearrangements, resembling aggressive tumors such as glioblastoma. Samples from patients who had been treated with radiation had a higher mean rate of mutation than nonirradiated samples (23 vs 14) and a higher rate of copy number alterations. Mechanisms suggested to promote the high level of genomic disorganization in highgrade meningiomas included mutation in tumor suppressor p53, a key DNA-repair modulating protein, and faulty DNA repair pathways. Significant heterogeneity of mutations was seen among high-grade meningiomas, with only 23% of mutations shared overall. Heterogeneity was also seen within individual patient tumors in multiple samples obtained over time. For patients who underwent multiple resections over time, genomic comparison of resected tumor specimens showed that recurrent lesions had sig- nificantly distinct genomes from the previously resected lesions, suggesting that recurrences were in fact arising from unique, unresected tumors rather than residual, parent tumor. High-grade meningiomas were more likely to be from parasagittal, falcine, torcular, and intraventricular regions rather than the skull base. Although fewer targetable pathways for treatment were identified (AKT1, SMO, PIK3CA) than in lower-grade meningiomas, higher rates of potentiation neoantigens-that is, targets potentially useful for immunotherapy-were found. These findings suggest that single-targeted therapy might not be as successful as immune-driven approaches, immunomodulators (e.g., PD-1 inhibitors), or pan-targeted approaches in highgrade meningiomas.
Methylation Studies
Sahm et al. 27 analyzed DNA methylation in 497 meningiomas compared with that of 309 extraaxial skull tumors in a multicenter European cohort and developed 6 clinically distinct mutational classes, which were more accurate in predicting clinical courses than WHO grade. Meningioma samples segregated from other tumors during unsupervised clustering analysis, suggesting distinct genomic patterns compared with other tumors. The groups were designated as methylation benign classes 1-3, methylation intermediate classes A and B, and methylation malignant, with each class enriching for more aggressive WHO grade tumors. Interestingly, recurrent tumors maintained the same methylation pattern and group. NF2 mutations were seen in a portion of all methylation classes except benign class 2 where non-NF2 mutations (TRAF7, AKT1, KLF4, SMO, and PIK3CA) were predominant. Intermediate and malignant classes were enriched for NF2 and various chromosomal abnormalities. Significant overlaps of all methylation classes and histological types were seen; however, more aggressive tumor histologies (e.g., choroid, atypical, anaplastic, rhabdoid, and papillary) were more common in intermediate and malignant methylation classes. Kaplan-Meier survival curves were more accurately predicted by methylation classes than by WHO grade, with accuracy that increased over patient follow-up time. In fact, methylation patterns could help identify subgroups of patients with WHO grade I tumors that progressed and patients with WHO Grade II tumors that remained stable. In addition, Simpson grade I resection was not an independent predictor of recurrence, unlike methylation class, suggesting that tumor biology can significantly affect disease freedom.
Clinical Implications
Findings from genomic studies have dramatically shifted our understanding of meningiomas; however, the clinical application of this knowledge has yet to occur. Subcategorization of meningiomas by genetic mutations or methylation class and prediction of prognosis have not progressed beyond a research paradigm. In addition, tumor classification into genomic patterns by location has yet to change surgical decision-making. Maximal resection with preservation of neurovascular structures and patient assessment on a case-by-case basis remains the modus operandi. Whole-genome sequencing does have some limitations in that the accuracy of gene expression depends on known gene sequences, often disregards noncoding DNA, and does not always correlate gene expression to protein action. The combination of gene platforms will ultimately be necessary to understand meningioma pathology.
Radiological assessment of meningiomas to predict histological class, WHO grade, or genomic patterns is an exciting and developing field. Coroller et al. 8 evaluated 15 quantitative and 10 qualitative radiological features of 175 meningiomas; these features were more accurate than clinical features in predicting tumor behavior. Increased necrosis, intratumoral heterogeneity, nonspherical shape, and larger volumes predicted higher-grade lesions. Other advanced imaging modalities, such as fractal-based analysis 9,14,15 as well as diffusion MRI, MR elastography, and MR spectroscopy, 28, 30 have been employed to predict meningioma aggressiveness. Imaging analysis may complement genomic categorization to impact surgical decisionmaking.
The emergence of meningioma genomics has led to a number of current clinical trials aiming to improve treatment by targeting mutational class (Fig. 2) . The Alliance for Clinical Trials in Oncology Group and National Cancer Institute are currently recruiting patients with residual or progressive meningioma for screens of AKT1, SMO, or NF2 mutations and treatment with AKT, SMO, and FAK (focal adhesion kinase) inhibitors, respectively (NCT02523014). An inhibitor of SMO, namely vismodegib, has previously been approved for treatment of basal cell carcinoma and is currently in trial for SMO-mutated meningiomas (NCT02523014). Trials of dual mTORC1 and mTORC2 inhibitors (AZD2014) (NCT03071874 and NCT02831257) and the BRAF inhibitor nivolumab (NCT02648997 and NCT03173950) are being initiated in meningiomas. Immunomodulating therapies, such as the programmed cell death 1 inhibitor pembrolizumab, are also currently in trials (NCT03279692). It remains to be seen whether targeting of these genes in specific tumor classes will affect outcome.
Conclusions
Recent genomic studies have uncovered novel findings regarding meningiomas. The importance of NF2, TRAF7, KLF4, AKT1, SMO, PI3KCA, and POLR2A mutations, among others, has been shown. Genomic subclasses with implications for tumor location and a possible embryonic-like cancer stem cell of origin have been identified. Aggressive, high-grade meningiomas have shown predominant NF2 mutations with greater genomic disorganization than lower-grade tumors. Methylation patterns and 6 unique subclasses have shown better prediction of patient outcome than traditional WHO grading. These genomic findings will likely affect the subsequent round of WHO tumor categorization. Clinical trials currently in progress are beginning to use genomic subclass information to drive therapy. Ultimately, time will tell how, rather than if, these findings will be integrated into clinical practice. 
